A slab-symmetric dielectric-loaded accelerator structure, consisting of a vacuum gap between dielectric-lined conducting walls, is described. The device is resonantly excited by an external drive laser which is side coupled into the acceleration region; a novel coupling scheme, which consists of an array of narrow, equally spaced slots in the upper structure boundary, is presented and analyzed in detail. This structure partakes of the advantages of earlier slab-symmetric optical acceleration proposals, but will use a terahertz-frequency external radiation source ( 340 m), allowing realistic electron beams to be used in a proof-of-principle experiment. Two-and three-dimensional electromagnetic simulations are used to verify the mode patterns and study the effects of the couplers, including time-dependent calculations of the filling of the structure and particle-in-cell computations of the beam wakefields. Details of the resonance are found to be highly sensitive to the coupling slot geometry: the presence of the couplers can lead to frequency detuning, changes in the field breakdown limits and overall Q factor, and distortions of the field pattern. Beam wakefields are enhanced by the presence of the slots, but found to have no significant effect on the beam transport. The resonant accelerating fields, which are nearly constant along the short transverse direction, are found to have between 10 and 15 times the amplitude of the driving radiation, with only a small ( < 10%) admixture of other nonaccelerating modes. Field gradients are computed to be near 100 MV=m when the structure is driven with 100 MW of terahertz laser power. Possible manufacturing methods for a prototype device are discussed.
I. INTRODUCTION
Laser-powered accelerator structures have often been proposed as a possible component of a next-generation accelerator capable of producing the extremely highbrightness electron and positron beams demanded by high-energy physics experiments. Interest in laser-driven acceleration has remained high over the past decade, inspired by the demonstration of ever more sophisticated and powerful laser sources that can achieve large energy densities at a reasonable cost. In all such concepts, the large transverse fields of a laser pulse must be converted into useful longitudinal fields. The difficulties of using traditional cavitylike structures for this purpose are familiar, including large surface fields (tending to cause electric breakdown) and the deleterious effects of wakefields on high-charge accelerating beams.
Among the alternate strategies that have been considered for laser acceleration is the use of a nontraditional, translationally symmetric geometry for the resonant structure, rather than the conventional cylindrical symmetry [1] . Such a ''slab geometry'' avoids many experimental difficulties inherent in other common approaches -the need to produce and control a plasma disturbance (as required for, e.g., the plasma beat-wave accelerator [2] ), or the inefficiency and high transverse field components inherent in accelerators which use freely propagating laser fields directly (such as the inverse Č erenkov accelerator [3] and crossed-beam vacuum accelerators [4, 5] ). The advantageous properties of slab symmetry have been discussed elsewhere (e.g. [1, 6] ) and include the strong suppression of transverse beam wakefields, lack of higher-order synchronous modes, mitigation of field breakdown via the use of dielectric materials, and acceleration of high-charge beams without significant beam loading. With a resonant structure, peak accelerating fields may be much higher than those of the drive laser.
The basic theory of acceleration and wakefields in a slab-symmetric resonant structure has been presented and discussed in several papers over the last decade [1,6 -8] , together with some preliminary versions of an accelerator at optical wavelengths (specifically 10:6 m). In this paper, we describe a similar slab-symmetric accelerator at terahertz frequencies ( 340 m) and devote particular attention to the details of coupling power into the device, using a novel design which relies on a series of transverse slots. To our knowledge, only one previous paper [9] has attempted a detailed coupling analysis of a laser-driven accelerator; the results presented here indicate that failure to consider coupling methods may be a serious omission. (Other types of dielectric-loaded slab structures have also been proposed for wakefield acceleration [10 -12] and tested in experiment [13] . A theoretical analysis of wakefield acceleration shows that a very large number of structure modes are produced by the initial driving bunch, some of which combine to produce useful accelerating fields behind the bunch [14, 15] ; in contrast, the resonant design discussed here operates in a single dominant mode.)
II. STRUCTURE GEOMETRY AND FIELD THEORY
Fundamentally, this slab-symmetric accelerator consists of a pair of parallel dielectric planes, separated by a narrow vacuum gap and bounded above and below by a thin conductive layer. Periodic slots in the conductor provide a means for coupling radiation into the gap and also enforce longitudinal periodicity in the structure fields; without such modulation of the structure, the fields would consist of z-independent Fabry-Perot modes. On the other hand, when longitudinal periodicity is added and the correct resonant geometry is achieved, the mode pattern is dominated by a longitudinal standing wave having a phase velocity exactly equal to the speed of light. The array of slots extends throughout the interaction length (defined as, roughly, the diameter of the laser spot impinging on the upper surface). The concept is illustrated in Fig. 1 .
Any periodic modulation in the coupling or dielectric properties of the structure would serve to generate usable accelerating fields, and previous approaches to this design have each taken a different approach to generating this periodicity [1, 7, 8] . (A related idea is used in the Braggreflector accelerator recently analyzed in Ref. [9] .) The periodic slots used here represent the optimum choice for coupling power preferentially into the accelerating mode. However, they significantly perturb the resonant frequency of the structure, as will be discussed below, and their effect on the fields must be included in the design. Coupling slots also appear on the lower surface, as shown in the figure; these serve to symmetrize the design and also allow the use of transmitted radiation as a diagnostic. Designs which, like this one, ''leak'' power from the accelerating mode have been proposed in several other contexts (e.g. [16, 17] , both of which are discussed briefly below).
A. Summary of analytic mode theory
The accelerating-mode fields for a structure with infinite transverse extent are straightforward to derive and have been presented in e.g. [7] ; the effects of a finite transverse dimension on beam stability have been considered in [6] . These results will be briefly summarized here. For the purposes of our discussion, we use the axes and structure parameters defined in Fig. 1 , so that the vacuum gap has width 2a and the structure itself width 2b, with dielectric (of relative permittivity ) occupying the regions from jyj a to jyj b. The structure is illuminated from the y direction by a laser polarized in the z direction, with beam propagation along the z axis. We assume infinite extent in the x dimension and consider only synchronous (speed-of-light) accelerating fields, equivalent to taking the field periodicity in z equal to the free-space laser wavelength. The dispersion relation then enforces k x k y 0 within the vacuum gap (jyj < a); the solution for E z is therefore independent of y and we have
(1)
in the vacuum region and
within the dielectric. The allowed wave numbers k z;n are the roots of
and the relative amplitude of the electric field in the dielectric is given by
In practice, the n 1 fundamental mode gives the optimal field configuration. We note that Steinhauer and Kimura [16] have recently obtained an equation similar to (5) to describe a speed-of-light mode able to propagate in a slabsymmetric metal waveguide. Their structure, which exploits the finite penetration of the accelerating field into the metal wall at infrared wavelengths, displays some similar physics to the present work, since the metal essentially plays a role analogous to that of the dielectric liner.
The accelerating modes of a physically realizable structure, one which is very wide in the horizontal dimension but not infinite, were first investigated in [6] . When illuminated with a circular Gaussian laser pulse of finite-width r , the accelerating fields in an open structure will tend to fall off in the x dimension like expÿx 2 = 2 r . To find an approximate analytic field solution near the center of the finite structure, one may assume conducting boundaries at x L, where L b. The eigensolutions then exhibit a cosine form for the field dependence on x, with associated wave vector k x ; taking k x L =2, the field near x 0 has the same limiting form as a Gaussian, giving an estimate of the resulting variation of E z as a function of y. For synchronous accelerating fields (! ck z in the vacuum gap), the dispersion relation requires a hyperbolic variation in the y dimension, i.e. k y ik x . Thus the acceleration fields have the form E z x; y; z E 0 coshk x y sinhk x y cosk x x cosk z ze i!t ; (7) where the upper and lower terms represent even and odd solutions, respectively, and where k x =2L. The full field solution gives a hybrid (HEM) mode with nonvanishing (though small) TE component. Using the symmetric solution, the eigenvalue equation for k z;n becomes
where n ÿ 1k
In a realistic experimental situation, the laser pulse width r will naturally be much greater than the structure dimension a, so that k x k y . The quantity of interest for the accelerating fields is the resultant amount of nonuniformity of E z within the vacuum gap, i.e., the value of E z y a=E z y 0 coshk x a. For a laser spot size of 10, roughly the smallest possible for terahertz radiation, we have k x 1= r 300 m ÿ1 , and coshk x a 1:0006. The magnitude of E x is likewise of order 10 ÿ4 E z . An aspect ratio of L=a 30 is thus clearly sufficient to produce a good approximation to the infinite-slab fields.
Longitudinal and transverse wakefields generated by a ribbon beam in a finite structure have been calculated analytically in [6] , showing good agreement with numerical simulation. Instability growth due to wakefields of a finite-width beam was also considered in detail. It was shown that, though both the flute and multibunch beam breakup instabilities may occur, they grow far more slowly than in comparable cylindrical geometries, and may be controlled by relatively straightforward means, including vertical focusing and detuning methods.
B. Coupling to the structure
The coupling slots which enforce the field periodicity as well as allowing radiation into the structure are an effective way to drive the accelerating mode efficiently, but in contrast to the usual waveguide couplers employed with microwave accelerating cavities, these slots have a transverse width which is effectively infinite, and hence they are not cut off for the relevant radiation frequency. They will thus inevitably be filled with field as the structure itself fills, with two consequences: first, there are unavoidably large fields within the slots, which become the most likely electric breakdown site, and second, the resonant frequency of the structure will be perturbed by the slots.
As a way to understand the behavior of the slot fields and estimate their magnitude, we can consider each slot to represent a parallel-plate transmission line of length equal to the thickness of the structure's metal wall (as illustrated in Fig. 2 ). The line is driven by wall currents on the inner surface of the structure boundaries and terminates in an open circuit at the outer surface. This strategy assumes that the slot width w is small compared to the radiation wavelength 0 , implying that the z-directed field within the slot can be taken as approximately constant.
Fields within the slots then have the form
where the slot extends from y b to y b , 0 is the impedance of free space, and k g 2= g , with the guide wavelength g 0 = p . E 0 , the excitation amplitude of the propagating waves, can be estimated from the wall current J x associated with the accelerating field in the structure; we note that E 0 will be approximately inversely proportional to , since it effectively arises from the field generated by a time-varying charge distribution at y b. Note that setting g =4 results in a quarter-wave matching condition in which the slot fields vanish at y b, the inner surface; the structure fields are then unper- turbed by the presence of the slots. We will show below that simulation of the structure filling under these conditions confirms this behavior, with very long filling times, i.e., large values for the coupling Q factor.
To estimate the perturbation of the resonant frequency by the presence of the slot fields, we can employ a version of the Slater perturbation theorem, which states that for small volume changes in a resonant structure, the frequency shift can be found from the relative change in magnetic and electric field energy. For the slab structure with slots, we have
where the fields in the numerator are given by Eqs. (9) and (10) and in the denominator by the unperturbed structure fields, Eqs. (1)- (4). We implicitly assume that the field energy in the slots is small compared to the total field energy of the structure, which will be true for sufficiently narrow slots, and ignore the perturbation of the structure fields by the slots. Explicit calculation gives the result
in which k z ÿ 1 p b ÿ a. Equation (12) predicts that for small w and the frequency detuning should be proportional to =w, and that there should be no detuning effect for =2k g , as mentioned previously. Reasonable agreement with simulation is found for small values of w.
C. All-dielectric structure
A structure without metallic boundaries would be advantageous at shorter wavelengths, when the thickness of the outer conductive layer could become less than a skin depth. One approach for scaling the slab-symmetric resonant structure to near-optical frequencies is the replacement of the metal boundary by a dielectric multilayer (or Bragg reflector) arrangement. This approach leads in essence to a one-dimensional photonic band gap accelerating structure, which is similar to the optical Bragg structures recently analyzed by Mizrahi and Schächter [17] and by Zhang and colleagues [9] . (The use of side-coupling slots to fill the structure with laser power in our device contrasts with the treatment in [17] , in which power is coupled in along the beam axis. Our structure is also ''leaky'' by design, since a small amount of power will exit through the slots on both upper and lower surfaces, as discussed above. In [17] , a speed-of-light mode would be perfectly confined within the structure in the ideal infinite case, and the confinement in a finite Bragg reflector can be made arbitrarily good through correct choice of geometry. Our design also differs significantly from the approach taken in [9] , where the side coupling is not itself modulated, but a grating is used within the structure to maintain selective mode excitation.) Initial versions of an all-dielectric design have been presented elsewhere [18] ; while details of these structures are outside the scope of this paper, simulation results indicate that a 10.6-m resonator can be constructed with a nine-layer Bragg reflector replacing the metal boundaries. After adjustment of the values of a and b, accelerating field amplitudes on the order of 5 to 10 times those of the driving radiation can be achieved; however, the nonaccelerating Fabry-Perot mode has comparable amplitude and will be difficult to suppress entirely. Nevertheless, the much higher laser power available at short wavelength would still allow extremely high accelerating gradients.
III. SIMULATION RESULTS
Simulation of the slab-symmetric structures is difficult to achieve in full generality, since the varying length scales, unusual boundary conditions, and periodic nature of the structure are poorly accommodated by standard codes. The results described here include both eigensolutions and time-domain fields, but are necessarily approximations to the full time-dependence and three-dimensional nature of the structure behavior.
A. Structure eigenmodes
Eigensolutions for the fields of the terahertz infinitewidth slab structure, in the absence of coupling slots, were calculated using the three-dimensional (3D) finitedifference code GDFIDL [19] . These simulation results are qualitatively similar to those already demonstrated (via 2D simulation) for smaller structures [7] , but they also allow estimation of numeric parameters such as the shunt impedance. In order to adapt the geometry for a 3D model, the simulation region was taken to be 2 mm wide in the x dimension, with magnetic boundary conditions applied at x 1 mm in order to obtain a nearly constant field in the wide dimension without requiring a prohibitively large computational volume.
If the outer conducting layers of the accelerator (see Fig. 1 ) are taken to be copper, with appropriate values for conductivity and losses, the structure ohmic Q is calculated to be approximately 600, and the simulated fields give rise to a shunt impedance for the structure of 15:3 M=m. This relatively low value is a consequence of the slab geometry, which may be understood in this context as a combination of a large number of cylindrically symmetric structures in parallel.
B. Beam wakefields
The vanishing of transverse wakefields in a smooth slabsymmetric structure, using an infinitely wide beam, has been verified using simulation in e.g. [7, 18] . Longitudinal wakefields under those conditions are negligible for an electron bunch length on the order of 0 . However, one might reasonably expect the presence of the coupling slots to modify (and possibly strengthen) the wakefields, due to the passage of the electron beam near what is essentially a diffraction grating. Under these conditions, coherent radiation can be produced via the Smith-Purcell effect [20, 21] , with the relation ' jnj 1= ÿ cos
connecting radiation wavelength , grating period ', diffraction order n, electron relative velocity , and emission angle . As ! 1 for a relativistic beam, the emission angle ! 1=, as usual, and becomes much less than '. We therefore expect the Smith-Purcell radiation to be dominated by wavelengths in the nanometer range; further, the angular power distribution of forward radiation for a relativistic beam (discussed in [21] ) implies that such radiation is exponentially suppressed unless 4x 0 =' 1=, where x 0 is the offset of the electron beam from the grating. For the 340-m slot-coupled accelerator discussed here, the left and right sides of this relation differ by nearly 2 orders of magnitude. Suppression of forward radiation implies a negligible interaction of the beam with its own wakefields; nevertheless, the form of the wakefields behind the bunch will in general be altered by the presence of the slots, due to the presence of a confined (nonsynchronous) grating mode near the surface. To quantify these additional effects, we have simulated the passage of a ribbon electron beam through 17 periods of a slotted structure using the 2D particle-in-cell code OOPIC [22, 23] . Comparing the longitudinal (retarding) wakefields with and without slots, we see some small change in the peak field magnitude, though the field pattern becomes less regular, as shown in Fig. 3 . A structure resonant at 0 340 m driven by a beam having z 30 m has a retarding wakefield of only 10 kV=m, as shown in Fig. 4 . Different admixtures of modes are clearly visible in the figure.
The transverse wakefield cancellation, while exact in the unslotted case, becomes a partial suppression in the slotted structure. Transverse fields of up to 20 kV=m exist within the structure, whereas fields in the 1 MV=m range are found within the dielectric; details of the field shape depend on the slot geometry. In general, the structure resembles a grating less and less as the slot width and depth are increased, causing the transverse fields in the vacuum gap to decrease slowly. Figure 4 compares the resulting transverse wakes for several slot widths.
C. 2D Filling and Slot Effects
Simulation of the time-dependent filling of the structure through the coupling slots has been demonstrated using both GDFIDL and a custom two-dimensional finitedifference code [7] . The theoretical dependence of the frequency perturbation on slot dimensions agrees approximately with simulation for small slot depths, though frequency resolution is limited by the simulation grid size. Further, the use of quarter-wavelength matching in the slot length to give unperturbed structure fields was verified, as shown in Fig. 5(a) , where a two-dimensional calculation shows strong fields in the slots that have no effect on acceleration fields when the slot length is approximately g =4. In the same figure, these fields are compared with those of a structure with 5-m coupling slots, much shorter than g =4. For this second case, the accelerating field is deformed in the vicinity of the slot and the resonant frequency is increased. Figure 6 compares the relative amplitudes of the accelerating and Fabry-Perot modes for these two structures (detailed parameters of which are presented in Table I ). Clearly, the quarter-wavelength slots give a structure with high Q factor -the accelerating field amplitude is more than 15 times that of the drive laser -with a concomitant long filling time (more than half a nanosecond). Likewise, the structure shows excellent mode quality, as the competing Fabry-Perot mode has less than one-half percent the amplitude of the accelerating mode. However, the field strength within the slots is also very large-at the outer end, more than 3 times the peak accelerating field. The 5-m slots lead to a significantly reduced Q factor and field enhancement, with noticeably poorer mode quality, but the field in the slot is in general less than the peak accelerating fields. (There will, however, be relatively large surface fields at the inner and outer corners of the slot. While the field magnitude in the slot center is at most 0.4 times the accelerating field amplitude E max , there are also field spikes at the outer slot aperture with magnitudes that are sensitive to the simulation grid but are on the order of 1:3E max to 1:5E max . The slot corners will hence remain the most likely breakdown location.) Furthermore, the filling time for the 5-m slots (150 -200 ps) is much more realistic for an experiment driven by a short-pulse source such as would be obtained by frequency conversion of a CO 2 laser. The shorter pulse duration also reduces the risk of breakdown. Both structures show accelerating fields on the order of 100 MV=m when driven with a 100 MW laser source focused to a 2 cm spot.
IV. CONSTRUCTION METHODS AND 3D EFFECTS
As any physical structure must of course be finite, the full three-dimensional (3D) solution for the fields will depend on the actual horizontal dimensions of the structure. The exact form of the boundary in the long (x) dimension naturally depends on the manufacturing method chosen. We therefore discuss simulations relevant to a 3D structure in combination with possible construction alternatives.
The most natural way to construct any layered, planar device with dimensions in the tens or hundreds of m is via vapor deposition of the sort used in the semiconductor manufacturing industry. Table I . Only the half-plane above the symmetry axis at y 0 is shown. Field strengths are in relative units.
used dielectric parameters appropriate to silicon or germanium, both common building materials. Silicon, for example, has a measured (real) dielectric constant of 11.66 to 11.71 at 900 GHz, with a loss tangent in this frequency range of tan 6-8 10 ÿ4 , while germanium has a slightly higher and tends to be more lossy [24] . The nonlinear optical response of silicon has been investigated in bulk and thin films [25] [26] [27] and at ultrafast time scales [28, 29] , with the nonlinear dielectric constant n 2 I having a value in the 10 ÿ6 range at the power levels anticipated, with resulting phase shifts much less than 1%.
One approach to the manufacture of this structure would be to construct the top and bottom dielectric/conductor slabs separately, positioning them correctly relative to each other using micropositioning technology. Such a structure would have open sides, much like a traditional Fabry-Perot resonator, and would need to be considerably wider than the laser spot size in order to limit diffraction of power out of the structure through the sides. In this case, we expect the resonant fields to follow the laser profile in x, which we assume to be a Gaussian. One analytical approach to this problem was detailed in Sec. II A, where the field variation was assumed comparable to that of a cosine in the region occupied by the electron beam. If the driving radiation has a purely Gaussian profile, then the 2D solutions will apply reasonably well to the central region of the accelerator if the laser spot r is sufficiently large compared to the structure dimension 2a. Note, however, that any transverse (x-dimension) mode structure in the laser beam will tend to be imprinted on the cavity fields, which could potentially affect the phase synchronism; clearly, this is an important issue for any future experiment. Simulation of the three-dimensional result in this structure becomes difficult, in part because of the enormous grids required to model the full extent of the fields in the x direction as well as the small coupling slots, and in part because of the poorly defined boundary conditions on x. While work continues on this problem, we note that in practice the fields in such a structure are likely to be quite similar to those in the alternate version described in the next paragraph, since a cosinusoidal field variation in x is expected here as well.
An alternate construction method would use a monolithic approach, in which the top and bottom dielectrics are supported by a larger dielectric structure produced through multilayer deposition, as shown in Fig. 7(a) . Such a design removes the need for precise external positioning if dimensional tolerances can be made sufficiently small. A partial approach to simulating the fields in this structure can be achieved by using a three-dimensional eigensolver on one period of the structure with coupling slots removed. this case, we see the cosinusoid of the bounded slab structure reappear in the vacuum gap, joined to smallamplitude vibrations in the free-space regions to either side. The considerations of Sec. II A are then valid once more. In principle, it should also be possible to obtain the unperturbed infinite-width fields [Eqs.
(1)-(4)] within the vacuum gap, if they are matched to a superposition of cavity modes in the jxj > L regions. We should assume, though, that if there is poor matching at x L, the cosinelike mode will reappear. We further point out that introduction of coupling slots is likely to create field distortions on the order of those observed in Fig. 5 .
A. Tolerances
The manufacturing tolerances allowable for the important structure parameters can be estimated from simulation by working from the frequency shift introduced as parameters are varied. In time-dependent simulation, we derive structure frequency bandwidths on the order of 0.1-0.2%. This corresponds analytically to approximately the same error range on the structure dimensions a and b. Varying the slot parameters (width and length) affects both the resonant frequency and the filling factor, but the former with much greater sensitivity. It must be cautioned, however, that drawing rigorous conclusions from a simulation is risky, since at the one-percent level we near the resolution limits of our finite-difference codes. In practice, it will be necessary to have some degree of tunability to the structure, by varying the gap spacing a. Active feedback will enable the structure to be tuned to the appropriate frequency, compensating at the same time for mistunings due to the exact experimental parameters. Angular misalignment of the top and bottom dielectric slabs is a more serious problem, and parallelism will need to be maintained at the 0.1% level.
V. CONCLUSION AND EXPERIMENTAL OUTLOOK
In this paper, we have described a slab-symmetric dielectric-loaded structure operating with a novel coupling scheme and in a new wavelength regime. An array of sidecoupling slots, analyzed and simulated for the first time, allows nearly single-mode excitation of the accelerator without significant perturbation of the cavity fields, and with only slight changes in the beam wakefields. The couplers, however, detune the structure and limit the available field; the final design must anticipate these effects. Like other slab-symmetric structures, the resonant laserdriven accelerator described here has advantageous transverse stability for high-charge beams. Unlike previously described structures powered at infrared frequencies, this device is powered by a submillimeter-wave source at 340 m, allowing the structure dimensions to be ample for acceleration of a slab electron beam with realistic transverse size.
When slab-symmetric structures are driven with the high power levels available from optical and submillimeter radiation sources, appreciable accelerating fields may be obtained despite their low shunt impedance. A submillimeter-wavelength radiation source which would be able to drive the structure is under development at UCLA [30] . Utilizing noncollinear mixing of two CO 2 laser frequencies in a nonlinear crystal, this source is expected to produce at least 100 MW of power at 340 m wavelength. For the structure described here at these power levels, gradients near 100 MeV=m are predicted, which should be well below the known breakdown limits for these materials and frequencies. Initially, structure tests may be conducted at much lower powers.
Issues of fabrication technique remain to be resolved before a test structure can be constructed. Experimental investigation of this prototype will begin with low-power cold testing using the output coupling slots to verify the resonant frequency and theoretical dependence on gap spacing. It may also be possible to measure the wakefield radiation spectrum using a test beam. The most significant experimental issue is anticipated to be breakdown limitations, which are not well characterized at present and must be tested by varying the input power density. However, the most common dielectric breakdown mechanism, avalanche ionization, is known to be suppressed at long wavelengths, and is unlikely to be an issue even in the FIR regime.
A successful demonstration of energy gain by a slab beam will depend on detailed knowledge of the physics of these unusual structures. Careful diagnosis of the long- 
